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Abstract A series of 5,15 meso push-pull diaryl Znll porphyrinates, carrying one or two —COOH
or -COOCHj; acceptor groups and a —OCHj3 or a —N(CH3), donor group show in both DMF and
CHCI; solution a negative and solvent dependent second order NLO response measured by the
EFISH technique, differently from the structurally related Zn" porphyrinate carrying a ~N(CHj),
donor and a —-NO, acceptor group, where a still solvent dependent, but positive EFISH second
order response was previously reported. Moreover, when a —N(CH3), donor group and a -COOH
acceptor group are part of a sterically hindered 2,12 push-pull B-pyrrolic substituted tetraaryl
Znll porphyrinate, the EFISH response is positive and solvent independent. In order to
rationalize these rather intriguing series of observations, EFISH measurements have been
integrated by electronic absorption and infrared spectroscopic investigations and by DFT and
CP-DFT theoretical and '"H PGSE NMR investigations, which prompt that the significant
concentration effects and the strong influence of the solvent nature on the NLO response are

originated by a complex whole of different aggregation processes induced by the -COOH group.

Introduction

In the last two decades a large effort was devoted to the definition of the main structural
features of organic or organometallic molecular chromophores to reach a significant second
order nonlinear optical (NLO) response.

According to the so-called “two-level” model developed in 1977 by Oudar,'? the quadratic
hyperpolarizability () of a molecule originates from the mobility of polarizable electrons under
a strong electric field (such as the one associated to laser radiation) and depends on electronic
charge-transfer (CT) transitions. Assuming that the second order NLO response is dominated by

one major CT process, 3,,, can be defined according to equation 1:
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where z is the axis of the direction of the CT, v, (cm™) the frequency of the CT transition, Teg
the transition dipole moment, Ap,, the difference between the excited and the ground state dipole
moment, and vy the frequency of the incident radiation.

Noncentrosymmetric molecules with CT transition at relatively low energy with large Apie, and
reg (the so-called “push-pull” structures, in which an electron-donor and an electron-acceptor
group are linked through a m-conjugated polarizable spacer) are therefore those fulfilling the
electronic requirements for a high 3 value.

Another essential issue is the determination of the inherent molecular NLO response in
solution, devoid of possible effects associated with solute/solute and/or solute/solvent
intermolecular interactions, which could bias the NLO response.

Among the many examples of NLO molecular chromophores reported in the literature,*” push-
pull diarylmetalporphyrinates, carrying in 5,15 meso positions a donor and an acceptor aromatic
ring connected by a triple bond to the porphyrinic core, firstly reported by Therien and co-

workers®”® and subsequently deepened by some of us,”"

are characterized by a significant
quadratic hyperpolarizability®'® and two-photon absorption.'""'* As first reported by some of us
through an ab initio TD-DFT investigation," the second order NLO response is mainly due to
the directional HOMO-LUMO CT transition along the push-pull system, which gives rise to a
quite strong Q absorption band between 600 and 700 nm.

It was reported that the peculiarity of the Zn" complexes of these push-pull porphyrinic NLO
chromophores, carrying a —NO, acceptor group, is a strong solvent effect on the second order

NLO response, which appears positive and higher when measured in a solvent of low polarity

and acidic properties like CHCl; than in a solvent of higher polarity and basic properties like



DME."® Moreover, the NLO response is greatly affected by the nature of the central metal atom
of the porphyrinic ring, decreasing significantly in CHCl; solution when the Zn atom is replaced
by the Ni atom."®

In particular, in CHCIlj; solution the Zn" chromophore exists, at least in part, as a head-to-head
J-aggregate (Juy), due to the axial interaction of the acid Zn" centre of one molecule with the
dimethylamino donor group of the push-pull system of another molecule. Such J-aggregation is
the origin of a large increase of the second order NLO response. On the contrary in DMF, where
such intermolecular acid-base aggregation is hindered owing to the preferential axial
coordination of the basic solvent to the Zn" ion, the quadratic hyperpolarizability becomes about
one half of the value recorded in CHC]l; solution, at the same concentration. %13

More recently, this kind of 5,15 push-pull diaryl Zn" porphyrinates were largely investigated
as interesting sensitizers for Porphyrin-Sensitized Solar Cells (PSSCs).'"* Our group, also
involved in this research area, synthesized a series of 5,15 push-pull diaryl Zn" porphyrinates,
structurally analogous to those previously investigated for their second order NLO properties,®°
but carrying, instead of an acceptor -NO, group, one' or two'® -COOH groups, necessary to
assure the anchoring of the porphyrinic sensitizer to the TiO, semiconductor surface of the solar
cell.

Therefore we extended our investigation to the second order NLO response, measured by the

Electric Field Induced Second Harmonic generation (EFISH) technique,'”"’

of these new push-
pull porphyrinic chromophores, for which the presence of one or two -COOH or -COOCHj3

groups could introduce additional aggregation processes and more significant acid-base

interactions with a basic solvent like DMF.



In fact, DMF is able to interact by hydrogen-bond with the -COOH group.?’ Moreover, it is
well known that benzoic acid and generally carboxylic acids, particularly in non-polar solvents
like CHCl3, may dimerize by hydrogen bond to form a cyclic 1:1 dimeric species.'

The structures of all the investigated 5,15 push-pull diaryl Zn" porphyrinates are depicted in
Chart 1. Chromophores 1-4 carry one (1-3) or two (4) —COOH acceptor groups, and, with the
only exception of 1, the strong —N(CH3), electron donor group. For comparative purposes we
also synthesized the corresponding esters 2bis and 5, the 5,15 push-pull Zn" porphyrinate 6
analogous to 1 but with a —-NO, instead of a -COOH acceptor group and also the structurally
different and more sterically hindered B-substituted 2,12 push-pull tetraaryl Zn" porphyrinate 7.

Hereafter we report the results of a comprehensive investigation aimed at rationalizing the
intriguing role of the intermolecular interactions and solvation effects which may control the
second order NLO response of chromophores 1-7 in CHCl; and DMF solution. The investigation
was carried out by DFT and CP-DFT calculations, electronic absorption and infrared
spectroscopy (when necessary), and EFISH measurements in CHCl; and DMF solution. Finally a
'H Pulsed Gradient Spin Echo (PGSE) NMR investigationzz'25 of the structurally different
chromophores 2 and 5 in CDCl; and DMF-d; solution was carried out with the aim of evaluating
the entity of their intermolecular aggregation in solution and therefore the role of the -COOH
group.

Chart 1 Investigated porphyrinic chromophores
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Experimental section

General remarks

All the reagents and the solvents used in the syntheses were purchased from Sigma Aldrich
and used as received, except NEt; and NEt,NH (freshly distilled over KOH) and THF (freshly
distilled from Na/benzophenone under dinitrogen). 4-Bromo-1,8-naphthalic anhydride was
purchased from ABCR. Silica gel for gravimetric chromatography (Geduran Si 60, 63-200 pum)
and for flash chromatography (Kieselgel 60, 0.040-0.063 mm) were purchased from Merck.
[5,15—diiodo—1O,20—bis(3,5—di—ter‘[—butylphenyl)porphyrinate]ZnH and chromophores 1-3," 4 and
7,'° and 6 were prepared as reported in the literature. The details on the synthesis of 2bis and 5
and of their precursors, including their 'H-NMR spectra, are reported in the SI.

"H-NMR spectra were recorded on a Bruker Avance DRX-400 in pure CDCls, in CDCl; with
addition of pyridine-ds or in THF-ds (Cambridge Isotope Laboratories, Inc.). Mass spectra were
obtained with a Bruker-Daltonics ICR-FTMS APEX II with an electrospray ionization source
(SI) or on a VG Autospec M246 magnetic mass spectrometer with a LSIMS ionic source.
Electronic absorption spectra were recorded in CHCl; and DMF solutions at room temperature
on a Shimadzu UV 3600 spectrophotometer. IR spectra were recorded in CHCls solution on a
Jasco FT/IR-410 spectrophotometer.

EFISH measurements

The second order NLO responses of chromophores 1-7 were measured by the EFISH

. 17-19
technique,

using a prototype apparatus made by SOPRA (France), and working with a 1907
nm incident wavelength. For each chromophore measurements were performed on freshly

prepared solutions in DMF at 10~ M concentration and in CHCl; at 5x10* M concentration, due

to the lower solubility in this latter solvent. For compound 6 in CHCIl; the measure was



performed at 5x10” M concentration. For chromophores 1, 2, 2 bis, 3 and 5 in DMF (and for
chromophore 2 in CHCI3), the second order response of 5x10* M and 10™* M solutions was also
investigated.

The 1907 nm laser incident wavelength was chosen because its second harmonic (at 953 nm) is
far enough from the absorption bands of the chromophores in CHCl; (Ayax of the B band in the
range 440-460 nm and of Q band between 630 and 660 nm, see Table 1), to avoid any
enhancement of the second order NLO response due to resonance. The incident beam was
obtained by Raman shifting the 1064 nm emission of a Q-switched Nd:YAG laser in a high
pressure hydrogen cell (60 bar). A liquid cell with thick windows in the wedge configuration was
used to obtain the Maker fringe pattern (harmonic intensity variation as a function of liquid cell
translation). In the EFISH experiments the incident beam was synchronized with a DC field
applied to the solution, with 60 and 20 ns pulse duration respectively in order to break its
centrosymmetry. From the concentration dependence of the harmonic signal with respect to that
of the pure solvent, the second order NLO response was determined (assumed to be real because

the imaginary part was neglected) from the experimental value ygpisy, through equation (2):

(—2w;w,w)
YEFISH = MBAS% + Yo(—2w; w, w, 0) ()

where ygrisy 1s the sum of a cubic electronic contribution yo(-2m; ®, ®, 0) and of a quadratic
orientational contribution ppy(-2m; ®, ®)/5kT, being p the ground state dipole moment, and [
the projection along the dipole moment direction of the vectorial component . of the tensorial
quadratic hyperpolarizability working with the incident wavelength A.

The pPigo7 values reported in Table 1 are the mean values of twelve successive measurements
performed on the same sample. The sign of pPg7 was determined by comparison with the

reference solvent and the value from experimental ygpsy neglecting the cubic electronic



contribution yo(-2w; ®, ®, 0), since the porphyrinic chromophores under investigation are
characterized by a high dipolar contribution to yEFISH.27

All experimental EFISH pf997 values are defined according to the “phenomenological”
convention.”® EFISH experiments were carried out in the Department of Chemistry of the
University of Milano (Italy).

DFT and CP-DFT calculations

At theoretical level, solvation effects can be treated by means of polarized continuum models
(PCMs),” " describing the solvent as a structure-less medium, characterized by its own
dielectric constant, and the solute as a molecule embedded in a cavity in the continuum. The role
of solvent in treating excited state properties such as electronic absorption and emission energies
through PCMs approaches has been extensively investigated by means of TDDFT calculations,”!
evidencing the importance to include the effects of the reciprocal solvent/solute polarization to
get a better agreement with experimental findings, in particular when treating polar solvents. On
the contrary, not conclusive statements on the appropriateness of PCMs in describing solvent

effects on the NLO response have been provided,**™

probably owing to its complex dependence
on the ground and excited states dipole moments, in both magnitude and relative orientation, the
transition dipole moments and the excitation energies, where more than one excited state could
be involved. Each of such factors could experience in different way the effect of the surrounding
medium. Masunov and coworkers in their theoretical investigation on NLO second-order
response of D/A-substituted benzenes and stilbenes®* concluded that bulk solvent effects can be

neglected because their inclusions by means of PCM approaches produce variations comparable

with the experimental uncertainty. Moreover, previous investigations performed by some of us



on 5,15 meso diaryl Zn" porphyrinates indicated that even a better match with NLO experimental
quantities is obtained by performing in vacuo calculations.'®'*!>

In the present investigation, the NLO response of porphyrinates DMF solutions put in evidence
even more subtle solvent effects due to explicit solute-solvent interactions, which are obviously
neglected in PCMs approaches. Taking into account all the above considerations, we decided to
perform all calculations in vacuo, optimizing the geometries of both the isolated porphyrins and
all their aggregates which are hypothesized to be present in solution, including the adducts with
DMF, according to a supermolecule approach.

All calculations were performed by the Gaussian09 program package.*® According to previous
theoretical investigation on similar porphyrinic derivatives,'® the BALYP functional’” and the 6-
311g(d)*® basis set were first adopted to investigate the geometrical and electronic properties of
monomers and aggregates. Subsequently, we became aware that the B3LYP functional, while
suitable to investigate monomers, electrostatics-dominated hydrogen-bonded dimers and
chromophores interacting with DMF, was not appropriate for dimeric J-aggregates, which are
supposed to be largely dominated by interchromophoric n—r stacking interactions besides local
interactions between the metal ion and the pendant polar groups (-N(CHj3), or -COOH/-
COOCHj3;) of the adjacent porphyrinic unit. Recent theoretical investigation on simple
porphyrinic aggregate®® indicated the B97D functional, able to describe dispersion contributions
to the interaction, as the most appropriate one to compute the full potential energy surface of
these aggregates, which were then confirmed to be mainly of dispersive nature. In the case of our
Zn" porphyrinates, we deemed more suitable the dispersion-corrected TPSS-D3 functional,***!
owing to its additional advantage to be one of the best performing DFT functional for transition

42,43

metal chemistry, including investigation of stacking interactions of square-planar metal

10



complexes.” This functional was therefore chosen for geometry optimization of dimeric J-
aggregates and evaluation of their interaction energies (AE), while B3LYP was used for all the
other systems. As a check of the internal consistency of the results obtained with the two
functionals, we selected one system lacking in & stacking interactions, i.e., the hydrogen bonded
dimer of 1 with DMF (1-DMF HB, Table 2) and performed geometry optimization using B3LYP
and TPSS-D3. The interaction energies obtained in the two cases were AE = -56.9 and -64.4
kJ/mol, respectively. While non-negligible in absolute terms, such difference can be judged not
significant for the purpose of comparing each other different types of aggregates, which resulted
to be characterized by quite different AE ranges.

The effect of basis set superposition error (BSSE) was evaluated in the case of complex 1,
whose optimized adduct hydrogen-bonded with DMF (1:DMF HB, Table 2), and head-to-head
J-aggregate (1-1(Jny), Table 2), were submitted to a standard counterpoise calculation to provide
a AECP interaction energy devoid of BSSE. In spite of the use of a rather extended triple-C
valence basis set, a relatively high difference between AE and AECP values was obtained for the
two dimers (-56.9 vs. -50.7 kJ/mol, respectively, for 1'‘DMF HB, and -209.9 vs. -178.9 kJ/mol,
respectively, for 1'1 (Jun)). The difference was higher for the dimeric J-aggregate with respect to
the DMF hydrogen-bonded species (15% vs. 11%, respectively) owing to a much larger area of
overlap in the former case. Such analysis therefore indicates that the calculated AE values
reported in Table 2 represent a significant overestimate of the true interaction energies, in
particular for J-aggregates.

Hyperpolarizabilities were computed by coupled-perturbed (CP) B3LYP/6-311g(d) procedures
at the same frequency used in the experimental measurements (1907 nm) and are reported

according to the phenomenological convention.*®
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'H PGSE NMR

'H PGSE NMR measurements were carried out on compounds 2 and 5 at 296 K without
spinning on a Bruker DRX 400 spectrometer equipped with a QNP probe with a Z-gradient coil
and a GREAT 1/10 gradient unit by using the standard stimulated echo sequence. The
dependence of the resonance intensity I on a constant waiting time and on a varied gradient
strength (G) is described by equation (3) as:

lni =-8)?D.(0-2)62 (3

where I is the resonance intensity in absence of the gradient, y is the magnetogyric ratio, D is
the translational self-diffusion coefficient, A is the distance between the midpoint of the gradients
and 9§ is the length of the gradient pulse. The shape of the gradient pulse was rectangular, the
length was 4-5 ms and their strength G was varied during the experiment. All spectra were
acquired with a resolution of 32K points and a spectral width of 5000 Hz and processed with a
line broadening of 1.0. The semilogarithmic plots of In(I/Iy) versus G* were fitted by means of a
standard linear regression algorithm, obtaining a correlation factor value better than 0.99 in all
cases. Different values of A, G and number of transients were used in different experiments.

The self-diffusion coefficient Dy, which is directly proportional to the slope of the regression
(m) obtained by fitting the In(I/Iy) versus G* plot, was estimated by evaluating the proportionality
constant for a sample of HDO (5%) in D,O (known diffusion coefficients in the range 274-318
K)** under the exact same experimental conditions as the sample of interest. Tetrakis-
(trimethylsylil)sylane (TMSS) was used as internal standard to account for possible changes in
the solution viscosity, temperature and absolute gradient strengths.*” The D, values were treated

to obtain hydrodynamic dimensions as described in the literature. The measurement uncertainty

12



was estimated by determining the standard deviation of m performing experiments with different
A values and error propagation analysis yielded a standard deviation of 3—4% in the P parameter
for all the solutions having a concentration larger than 10~ M. For less concentrated solutions,

the standard deviation approaches 5—8%.

Results and discussion
Synthesis
The synthesis of the second order NLO chromophores 1, 2, 3, 4, 6 and 7 was carried out as

15,16,26
reported elsewhere by some of us. ™™

The synthesis of 2bis followed a procedure reported in
the literature (see Scheme S1 and experimental details in the SI),*® consisting in the esterification
reaction of 2 with (Trimethylsilyl)diazomethane, while the synthesis of 5 was realized by means
of a two-step approach, as described in the literature,'’ and involved the preparation of the
intermediate 10 (see Scheme S2 and experimental details in the SI).

Commercially  available = 4-Bromo-1,8-naphthalic  anhydride = was reacted with
(Trimethylsilyl)diazomethane in a 2/1 mixture of THF/CH3;OH, working at room temperature,
affording after chromatographic purification 1-Bromo-4,5-carboxymethyl-naphthalene (8) in
high yield (82%).*® Through a Sonogashira coupling reaction, the (Trimethylsilyl)ethynyl
fragment was then introduced, affording 9 in almost quantitative yield. Deprotection of the
Trimethylsilyl group in basic conditions (K,COs3) led in almost quantitative yield to the
intermediate 10, which was used for the synthesis of the porphyrinic chromophore 5 following a
synthetic two-step pathway (Scheme 3 and experimental details in the SI).

A first Sonogashira coupling reaction between [5,15-Diiodo-10,20-bis(3,5-di-tert-

IIi1s

butylphenyl)porphyrinate]Zn™ *~ and 10 afforded after chromatography the intermediate 11. A

13



further Sonogashira coupling between this latter and 4-Ethynyl-N,N-dimethylaniline led to §
(62% yield).

Electronic absorption spectroscopy

The electronic absorption spectra of 1-7 recorded in CHCI; and DMF solution and normalized

with respect to the maximum absorption wavelength of the B band are reported in Figures S1

and S2 (SI), respectively. Moreover, for chromophore 2 the absorbance vs concentration

dependence spectra in CHCl; and DMF are reported in Figures S3 and S4.

The experimental A, of the B and Q bands in CHCI; and DMF are collected in Table 1,

while those in THF solution were already reported in the literature.

Table 1. Absorption data of B and Q bands in CHCls;, DMF and THF solution, and EFISH pf;997

values in DMF and in CHCI; as a function of concentration of chromophores 1-7.

Chrom. Max [logg] | Amax[l0gE] | Amax [loge] | 1Proor 1B 1907
(nm) (nm) (nm) (x10™ esu) (x10™ esu)
CHCl; DMF THF DMF CHCl,
1 448/5.40]* | 448/4.61]" | 451/5.48]* | -1600"
633/4.33]° | 665/3.38]" | 659/4.68]>¢ | -3055¢ 2158
-3320"
2 44974.86]* | 452[4.90]" | 456/5.23]* | -1720"
656/4.23]° | 670[4.21]° | 671/4.69]"° | -2520¢ -6708
-3010" 970"
2 bis 447[5.21]* | 454/5.49]* | nd -1080"
645[4.25]° | 676/5.00]° -1096® 3578
3 44974.58]* | 450/4.67]" | 454/5.00]* | -4180"
650/3.86]° | 676/4.07]° | 673[4.51]> | -7470¢ -830¢
-7940"

14




4 450° 452° 451/5.32]*% | -490" -457¢
647" 667" 662/4.61]™
5 454° 460° 461° -1240"
658" 684 678" -1490¢ +586¢
6 454° 457° 459/5.47]* | +1030° +2978
650° 671° 667/4.89]"¢ (5x10°M)
7 439° 443? 43975.187*% | +520" +550¢
566° 579° 573/4.15]>¢
606" 619° 613/3.94]"¢

max O the B band. "Amax of the Q band. *From ref. 15. *From ref. 16. “From ref. 26. '10°M
solution. 25x10*M solution. "10™* M solution.

The electronic absorption spectra of 1-6 show the typical pattern of 5,15 push-pull diaryl Zn"
porphyrinates,”'° consisting in a very strong band at about 450 nm (B band), and only one quite
strong band in the range 600-700 nm (Q band). On the other hand, the electronic absorption
spectrum of 7 displays two rather weak Q bands, in accordance to the four orbital model of
Gouterman,® as previously evidenced by some of us.'®

For all the chromophores the Al of the B band is rather similar in the three investigated
solvents (within a range of 7 nm, Table 1). Differently from the B band, the Q band A« at lower
energy, originated by the HOMO-LUMO transition, span a wider range of wavelengths in both
CHCIl; and DMF solution. For instance in CHCIl; the value of A.x follows the sequence 1 << 2
bis ~ 4 <3 <2 = 5. The marked red shift observed by the substitution of the weak electron donor
—OCH3; group with the stronger donor —N(CH3), group is in agreement with a reduction of the

HOMO-LUMO gap typical of 5,15 push-pull diaryl ZnII porphyrinates."
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Moreover, when two —COOCHj3; acceptor groups are connected to the porphyrinic ring by a
naphthalenic unit as in 5, the Any.x of both B and Q bands are significantly shifted at higher
wavelengths in all the three investigated solvents (Table 1).

For all the chromophores 1-6 a marked red shift of the Q band occurs going from CHClI; to
THF and DMF solutions, as expected for the strong electron transfer character of this Q band, "
quite sensitive to the solvent polarity, an effect already reported for the electronic absorption
spectra of [5,10,15,20-tetraphenylporphyrinate]Zn".*°

In accordance, comparing 1 and 2, the higher difference of Ap,x of the Q band (AAp.x = 23
nm) occurs in CHCIlj3, while it is less relevant in a basic solvent like THF (Al = 12 nm),15 and
much less relevant in DMF solution (AAma.x = 5 nm) (Table 1).

Quite unexpectedly the introduction of four fluorine atoms in the acceptor part of the push-pull
system as in 3 has a very limited effect on the A, value of both B and Q bands compared to 2.
This could be due to the proposed tilted arrangement in 3 of the fluorinated aromatic ring with
respect to the porphyrinic core, that lowers the conjugation of the push-pull system.15

The observed significant differences of Ayax of the Q band for chromophores 1-5 in CHCl3,
THF and DMF solution can suggest a solvent effect due to the presence of aggregation processes
which may be different in the three solvents. This is in agreement with our previous
investigation'® reporting that 5,15 push-pull metal diaryl porphyrinates like 6 form in solution
dimeric aggregates whose nature strongly depends on the solvent (CHCIl; or DMF). This seems
to be a property of this kind of dipolar pseudo 2D push-pull porphyrinic structures, while such
dimeric aggregation does not appear to be typical of a more hindered push-pull 3D structure like

7. In fact, for this latter chromophore the difference of A« of the B band and in particular of the

two Q bands in the three different solvents is less significant.
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EFISH and theoretical investigation of the second order NLO properties of
chromophores 1-7

The EFISH data in DMF and in CHCI; solution are reported in Table 1. The dipolar
architecture of 1-5 (Chart 1) and the solvatochromism of their Q band characterized by a red shift
of Amax by increasing the polarity of the solvent (Table 1) would suggest at first view a positive
second order NLO response, as also supported by CP-DFT calculations in vacuo (Table 2),
which provided for all chromophores 1-5 positive values of B, being ) the projection of the
tensor B along the dipole moment axis.

Therefore, the negative values of uf 997 experimentally recorded for 1-4 in DMF and CHCl;
and for 5 in DMF are quite unexpected, taking into consideration that under similar experimental
conditions the pf 1997 value of 6 is always positive.

It thus appears that with a -COOH or —COOCH; acceptor group, either in a polar and donor
(DMF) or in scarcely polar and acidic (CHCls) solvent, an inversion of the sign of the EFISH
response P97 occurs independently on the nature of the donor group (-OCHj3; or NMey).
Interestingly such an inversion does not occur for the naphthalenic diester § in CHCl; and neither
in DMF nor in CHCl; solution for 7, characterized by a push-pull structure at 2,12 B-pyrrolic
positions. This latter observation would suggest that the negative pufi907 values of 1-5 and 2bis
may be related to the presence of various aggregates involving the —COOH or —COOCH;
acceptor groups of their less sterically hindered structure, which is reported to structurally favor
in solution specific dimeric aggregates.'’

The critical role of -COOH or —COOCHj; groups is also confirmed by the evidence that the
uP1907 absolute values of 1-3 are quite dependent on the nature of the solvent, since they are

significantly lower in CHCI; than in DMF solution, a trend just opposite to that of 6.
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Moreover the presence of a —COOH or even a -COOCH; group in the structure of the
investigated porphyrinates may be responsible of the formation of aggregates of different nature
and, in the case of the —COOH group, also of additional acid-base interaction with a basic
solvent like DMF.

The intermolecular aggregation of porphyrinic chromophores was extensively studied by Ray
and Leszczynski,”' who showed by a ZINDO/CV computation approach that the quadratic
hyperpolarizability of J-type aggregates is several times higher than that of monomers, while for
H-type aggregates its value decreases due to the antipodal arrangement of the dipoles of the two
molecules forming the aggregate. Moreover, dimers are only a first step of the aggregation in
solution, since the presence of higher aggregates cannot be excluded, depending on the NLO
chromophores, on the concentration and on the nature of the solvent.

The presence of a -COOH instead of -NO, acceptor group may stabilize additional dimeric
aggregates by intermolecular acid-base interactions of the —COOH group and the Zn" acidic
centre with the -N(CH3), basic group of two adjacent chromophores. Moreover in DMF, for both
monomeric and dimeric chromophores, the apical or hydrogen bonded acid-base interaction of
the -COOH group or of the Zn" centre with DMF, and the 1:1 cyclic interaction of the -COOH
groups may be important.

In particular, we may have (Figure 1, where X indicates the NLO porphyrinic chromophore)
(a) head-to-head, X-X(Jp) or head-to-tail X-X(Jy¢) dimeric J-aggregates, and head-to-tail dimeric
H-aggregates, the latter being however less stable owing to the implied overlap of the bulky tert-
butylphenyl groups; (b) centrosymmetric 1:1 hydrogen bonded dimers involving the —COOH
groups of two chromophores, X-X(HB); (¢) in DMF only, acid-base interactions of DMF with

either the acidic Zn" center, X:-DMFp;ca1, and/or the -COOH group by hydrogen bond, X-DMFys,
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which compete with J-aggregates and with the X-X(HB) dimers, respectively. The hydrogen-
bonded interaction with DMF may occur also for the X-X(Jun) dimeric aggregate. In the case of
4, the formation of larger aggregates consisting in a complex array of intermolecular hydrogen-
bonded interactions involving the two —COOH groups should also be taken into account.

Figure 1. Schematic representation of possible species in CHCl; and DMF solution
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The relative energetic stabilization of the various possible species of 1-5, 2bis and 6 in CHCI;
and in DMF has been evaluated by DFT calculations on selected X-X self-aggregates and
X-DMF dimeric species. Calculations were performed in vacuo as previously done for
structurally related push-pull metal porphyrinates.'®'*'> It should be taken into account that the
adopted computational approach overestimates by about 10-15% the interaction energies owing
to Basis Set Superposition Error (see the details of DFT and CP-DFT calculations in the
Experimental).

Table 2. In vacuo computed dipole moments (i) and projection of the dynamic tensor 3 along
the direction of the dipole moment () for chromophores 1-6 and for a selection of their

possible J aggregates and adducts with DMF, together with the relative interaction energies”

X u By Interaction energies
(D) (x10™ esu) | (kJ/mol)

1 522 | 132 -

'l (Jun) 11.53 | nd -209.9
1'l (HB) 022 | nd -78.3
1'DMFyp 298 | -24 -56.9

1 DMF ypical 6.62 | 88 -51.8

(1 DMFy) (1 DMFyp)(Ji) | 4.02 | -65 242.6
2 8.66 | 259 -

22 (Jun) 15.86 | nd -237.9
2:DMFyp 3.08 | 180 -56.1
2:-DMF ypical 11.54 | 210 -50.7
(2-DMFyp)-(2-DMFyp) 4.00 | nd -271.9
(Jun)
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2bis 7.86 | 247 -
2bis:-DMFyp 3.05 | 234 -18.7
2bis-DMFqpical 827 | 191 -50.5
3 10.53 | 342 -

33 (Jun) 19.99 | nd 252.1
3-DMFyp 4.07 | 249 -55.7
(3:DMFyg)-(3:DMFys) | 5.99 | Nd 291.5
()

4 10.16 | 230 -

44 (HB) 037 | nd -78.9
4-DMFyg 456 |214 -58.2
4-2DMFyp 433 |15 -103.3
5 7.98 | 256 -
5:-DMF ypical 11.02 | nd -51.1
6 10.37 | 244 —

66 (Jun) 20.72 | nd -200.4

“u and B evaluated at the B3LYP/6-311(d) and CP-B3LYP/6-311(d) levels of theory,
respectively. Geometry optimization and interaction energies at the B3LYP/6-311(d) level of
theory except for J-aggregates, for which the TPSS-D3/6-311(d) level has been adopted.

According to Table 2, very large values (up to 290 kJ/mol) were computed for X-X (Jpup)
aggregates, quite dependent on the nature of the donor and acceptor groups of the push-pull
system. In particular, the -COOH group appears to play a key role, giving rise to a more stable J-
aggregation than the -NO, group (for example, compare the dimerization energy calculated for
the 22 (Jpn), -237.9 kJ/mol, with that of 6:6 (Jnn), -200.4 kJ/mol). The strength of such

aggregation is further enhanced when each -COOH group of the Jn, aggregate is hydrogen-
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bonded with DMF (see in Table 2 the increased interaction energies computed for the
(X DMFyg) (X' DMFyg)(Jnn) species of 1, 2 and 3 when compared to X X(Jpp)).

Since previous investigation10 indicated that Ju, and Jy,, aggregates of this kind of 5,15 push-
pull diaryl Zn" porphyrinates are almost isoenergetic, calculations of the dimerization energy of
XX (Jnt) aggregates were not carried out.

Much lower interaction energies were computed for the centrosymmetric X-X (HB) hydrogen-
bonded dimers (about 75 kJ/mol) and even lower for the X-DMFyg acid-base species (about 54
kJ/mol, Table 2).

Obviously the substitution of the —-COOH group with the less acidic -COOCH; group induces
a much lower energetic stabilization of the hydrogen-bonded adduct with DMF (-18.7 kJ/mol for
2bis DMFyg in comparison to -56.1 kJ/mol for ' DMFyg) (Table 2).

The dimerization process leading to H-aggregate was not evaluated because, as above pointed
out, it is expected to be strongly disadvantageous due to the repulsion of the ferz-butyl groups on
the two aryl moieties in 10,20 position of the chromophore ring, despite the favored dipole-
dipole orientation of the two adjacent head-to-tail chromophores (Figure 1).

It must be taken into account that the formation of dimeric aggregates induces a substantial
geometrical deformation of the structure of the two interacting chromophores, so that the
associated dipole moments are not doubled or vanishing (for the Jy, and Ji dimers, respectively)
with respect to the dipole moments of the monomeric species.

The computed energy differences would suggest the presence in solution of significant
amounts of Jy,- and/or J, aggregates, together with a limited amount of 1:1 symmetrical
hydrogen bonded dimers (X' X(HB)) mainly at higher concentration. The relative concentration

of these species should produce significant effects on the EFISH second order NLO response of
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the chromophores. On the other hand, the weak acid-base hydrogen-bonded interaction of
monomeric chromophores or Jp, dimers with DMF is not expected to influence the
hyperpolarizability, but it may imply a significant change (in both direction and magnitude) of
the dipole moment and therefore of the sign and magnitude of pfBi907 (see for instance the
negative f3 values computed for monomeric ' DMFyg and dimeric (1’ DMFyg):(1 DMFyug)(Jun)
species, Table 2).

Starting from the above considerations and evidences, a reasonable interpretation of the origin
of the intriguing experimental EFISH pf3;997 data can be attempted:

i) The relatively low upi9o7 absolute value of 1-3 in CHCIl; solution and for 2 also slightly
dependent from concentration could be an evidence of the parallel presence of some
concentration-dependent NLO-silent XX (HB) dimers or of [(XX)(Ju) (X' X)(Jnn)] (HB) higher
aggregates, and of significant amounts of stable, less concentration dependent NLO active
XX(Jmn) aggregates. The significant presence of these latter species in the case of 1-3 is
supported by the positive and rather low pup 997 value in CHCl; of §, for which the absence of a —
COOH group and the presence of a naphthalenic r system should make less stable the Jy,;, dimers,
favoring the presence in solution mainly of monomeric chromophores which are expected to
produce a positive NLO response, as it was reported to occur for 6, lacking the -COOH group.'’

Further evidence of the role of the -COOH group in stabilizing the Ju, dimers in CHCl;
solution of 1-3 is the lower absolute value of pP997 of 2bis with respect to that of 2, given that
the substitution of the —COOH with the —COOCH; group should provide less strong
intermolecular interactions.

Interestingly, infrared measurements of a rather concentrated CHCl; solution of 2 confirmed

the proposed presence of NLO silent X X(HB) dimers, showing a band at 1686 cm™, which can
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be ascribed to the -C=0 stretching of the 1:1 species.’> Such interaction may involve not only
the monomeric chromophores, but probably also their Jy, aggregates, 22(Juy), to produce higher
aggregation through the free -COOH group ([(XX)(Jun) (X X)(Jun)] (HB) species). The presence
at higher concentrations of NLO-silent X X(HB) dimers is also supported by the slight increase
of the puf1997 value of 2 by dilution (Table 1), due to an increase of NLO active J,, aggregates, as
an effect of the breaking off by dilution of the less stable NLO silent X X(HB) dimers. As we
will see later, such interpretation has been confirmed by self-diffusion 'H-NMR measurements.

ii) In DMF solution, negative pfjq07 are as well recorded for 1-5, characterized with the
exception of 4 by absolute values much higher than those in CHCI; (Table 1). Moreover, a more
pronounced concentration effect occurs for 1, 2 and 3, since their pf3;997 absolute values strongly
increase by dilution. This behavior is controlled by the ~-COOH group, since 2bis and 5 do not
show any dilution effect in the same range of concentration (Table 1), suggesting the presence at
high concentration of some amounts of NLO-silent [(X'X)(Ju) (X X)(Jnn)] (HB) species. Dilution
induces the breakdown of such higher aggregates, thus producing a relative increase of the
concentration of the NLO active X' X(Jun) dimers. The only exception is chromophore 4, the low
KB19o7 value of which does not depend neither on concentration nor on the solvent (Table 1),
suggesting the formation of low polar, highly stable higher aggregates.

Since the puP907 absolute values of 1-3 are much higher in DMF than in CHCIl; solution (Table
1), we can suggest the presence in DMF of higher amounts of stable NLO active X X(Jup)
aggregates, further stabilized by the acid-base hydrogen bonding of the -COOH group with
DMF. The key role of the -COOH group in inducing a high stability to X' X(Ju) dimeric
aggregates in DMF is a crucial observation because their formation in DMF was denied for a

slightly different push-pull diaryl Zn" porphyrinate such as 6."
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The much higher pf997 absolute value of 3 even at a relatively high concentration confirms an
increased stability of the Jy, dimers due to a quite strong -COOH/DMF interaction, owing to the
increased acidity given by the four fluorine atoms (Table 1).

In general both in CHCIl; and DMF solution the key role of the .COOH in stabilizing Ju,
aggregates for chromophores 1-3 is confirmed by the quite different EFISH response of the more
compact and sterically hindered chromophore 7. In this latter, the presence of four aryl groups in
the 5,10,15,20 meso positions of the porphyrinic core and the push-pull system involving the
2,12 B-pyrrolic positions (Chart 1) do not allow J,, aggregations and at the same time hinders
the formation of symmetrical 1:1 hydrogen bonded dimeric aggregates. As a consequence, the
EFISH pf31997 value of 7 is positive, low and not dependent on the nature of the solvent and on
dilution (Table 1), and corresponds to the intrinsic NLO response of the monomer, as expected
for the lack of significant intermolecular aggregations and solvation effects.

iii) DMF appears to play a key role in determining the negative sign of the second order NLO
response of chromophores 1-5. On one side, the relatively weak DMF apical coordination to the
central Zn" ion of monomeric or of dimeric Ju, aggregate of chromophores 1-3 should not
produce an appreciable influence on the second order NLO response,” as confirmed by the
theoretical DFT and CP-DFT calculations (Table 2). On the other side, the DMF molecule
hydrogen-bonded to the -COOH group of the chromophore (either as a monomer or as a Ju,
dimeric aggregate) is expected to strongly modulate the dipole moment of the newly formed
hydrogen-bonded species, owing to its arrangement just along the push-pull molecular axis. As

3,54-57

previously reported from both an experimental and theoretical point of view, such a local

interaction of the chromophore with solvent molecules may even produce an inversion of the
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dipole direction, while keeping unvaried the direction of charge transfer in the excited state, so as
to generate a negative 31997 response.

For instance, an inversion of sign of 997 going from CHCl; to DMF solution was previously
reported for an halogenated second order NLO chromophore and was ascribed to halogen
bonding interaction between the chromophore and DMF.*® Here DFT and CP-DFT calculations
indicate that this seems to be exactly the case of 1, whose acid-base hydrogen bonded species
with DMF, 1:DMFyg, shows a computed negative pf value, an evidence further provided by its
DMF hydrogen bonded dimeric Ju, aggregate (1 DMFyg)-(1'DMFgg) Jun (Table 2). However,
such rationale is not fully confirmed by our calculations on chromophores 2 and 3, for which
only a strong reduction in the dipole modulus was obtained after interaction with DMF
molecules (2:DMFyp and 3:DMFyp dimers). The dipole orientation, on the other hand, is
essentially unvaried, so that positive upj products are obtained for these hydrogen-bonded
species, at variance with the experimental findings. A possible reason of such disagreement for
compounds 2 and 3 could be found in the neglecting of polarizing effects of the medium, which
are expected to be significant and very specific for large dimeric Jy;, aggregates, so that they can
strongly influence the orientation of dipole moments, particularly if they are small.

Interestingly, such disagreement persists even including in calculations the polarizing effects

of the medium by means of PCMs,*~°

confirming the previously reported doubts on the
appropriateness of these methods to model the NLO response in solution of large porphyrinic
systems.'*'*!> This would suggest the need of adopting more sophisticated approaches, able to
properly describe the concomitant effect on NLO properties of both polarizing effects and

specific solute-solvent interactions, which could locally modify dipole moment, polarizability

and geometry of solvent molecules and hence the dielectric constant.
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It appears that probably the inversion of sign of the second order EFISH NLO response of 1-3
can be ascribed in DMF solution to strong, specific and complex solvation effects, which
become relevant in the presence of a free —-COOH groups. Interestingly, when the -COOH
group is substituted by the -COOCH; group (compound 5) this inversion is still present in DMF
solution, but not in CHCl; solution. The less polar CHCI; solvent should produce less important
solvation effects on the Ju, dimers of 2bis and 5, thus reducing its influence on the sign of the
second order NLO response. On the other hand, chromophores 1-3, bearing the -COOH group,
may experience significant solvation effects even in a less polar and acidic solvent as CHCl;,
thus showing a negative value of the second order NLO response. Of course the role of these
significant and specific solvation effects on the sign of the NLO response of 1-3 is at the moment
only a suggestion, which must be confirmed by further DFT and CP-DFT calculations using

PCMs approaches including inhomogeneous dielectric effects.*

"H PGSE NMR measurements

Electronic absorption spectra, EFISH measurements and infrared evidences produce
indications that the second order NLO porphyrinic chromophores 1-5 are involved in both CHCl;
and DMF solution in aggregation processes, based on the formation of various dimers and also
higher aggregates. Therefore self diffusion experiments were performed with the aim of
quantifying the level of self-aggregation in CDCIl; and DMF-d; solution of 2 and 5, taken as a
reference of the two types of porphyrinic chromophores investigated in this work. By measuring
experimentally the translational self-diffusion coefficient D; (see the Experimental Section for

details), the hydrodynamic dimensions of free diffusing species were evaluated through the
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modified Stokes-Einstein equation (4), taking into account the marked asphericity of the

molecular structure of 2 and 5:°

_ kpT
D=—H_() @

In equation 3, k;, is the Boltzmann constant, 7" the absolute temperature, 7 the solution
viscosity, f the “shape factor”, ¢ the “size factor”, while @ and b are the semiaxes of the oblate
ellipsoid which is considered the best approximation for the shape of 2 and 5. From the

experimental determination of the values of Dy, the structural parameter P of 2 and 5, defined as

fc¥/a’b, was thus derived as a function of the concentration and of the fitting model (Table 3).

Table 3. Self-diffusion coefficients (Dy), structural parameters (P), aggregation numbers (N) and

dimerization equilibrium constants (Kp) for 2 and 5 in DMF-d; (a) and CDCl; (b)

Model 1 Model 2
C D, P |xp |N N
10°M) | 10""m*s™) | (A) (Kp (Kp
x10°M") | x10°M)
210.02° [3.20 51.80.42 | 1.42(25.0) | 1.30
(20.0)
210.08 |3.07 5421067 | 1.67 1.49
21020 |3.05 545070 | 1.70 1.52
21080 |[2.99 55.50.80 | 1.80 1.60
21008 [4.93 52.0 | 0.44 | 1.44 1.31
(8.7)
2007 4.20 61.1 | na. |>2 2.13
50021° |[3.12 53.210.56 | 1.56 1.40
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(3.8)
5| 1.66° 3.08 53.90.63 | 1.63 1.46
510.009° |5.25 488 | 0.11 | 1.11 1.08

(13.0) (9.0)
510017° [5.19 494 10.17 | 1.17 1.12
5[0.056° |4.94 51.8 042 | 1.42 1.29
5[0.18° |4.81 53.0 | 0.54 | 1.54 1.38
5)1.48 [4.53 56.3 1 0.90 | 1.90 1.66

The P structural parameters of monomeric 2 and 5 chromophores are computed from their DFT
optimized structure in vacuo, assuming in first approximation that they have the same
dimensions in CHCl; and DMF solution, despite the significant solvation, at least in DMF. In
particular, in the case of 2 the major semiaxis of the ellipsoid (@), equal to 10.2 A, was calculated
as the mathematical average of the distances between the central Zn atom and i) the methyl
group of the dimethylaniline moiety (14.5 A), ii) the farthest CH group of the porphyrinic ring
(6.3 A) and iii) the para-hydrogen atom of the 3,5-di-tert-butylphenyl substituent (9.9 A) (Figure
S3 in the SI).

The estimation of the value of the minor semiaxis (b) was not straightforward, owing to the
presence of two fert-butyl groups on the phenyl ring that, from DFT calculations, appeared to
impart a sort of concavity to the structure of the chromophore. Therefore, the b value was
calculated by extrapolating the P value at infinite dilution; for instance for 5 in CDCls (P = 47.7
A) b was found to be equal to 5.1 A. Such a value is intermediate between the distance from the
middle of the aromatic ring and i) the farthest methyl group of the fert-butyl substituent (5.7 A)
and ii) the ortho hydrogen atom of the aromatic ring (3.3 A). For 5§ the hydrodynamic volume

(V) of the monomer was calculated from a and b values to be 2220 A”.
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From the experimental data reported in Table 3 it appears that P values for both 2 and S in
CDCl; and DMF-d; solution increase with the concentration, confirming the presence of
associative processes of self-aggregation.

In order to quantify the self-aggregation, two different and relatively simple aggregation
models were taken into account: 1) an eclipsed head-to-tail n-stacking between two porphyrinic
molecules, leading to a H-dimeric aggregate of low dipole moment, and 2) a staggered
dimerization that occurs through the intermolecular acid-base interaction of the —N(CH3), group
of one chromophore with the Zn atom of an adjacent chromophore leading to the formation of a
Jun dimer of high dipole moment. This latter is the model suggested by some of us to occur in
CHCl; solution in the case of 6.1° In the case of model 1, the major semiaxis of the dimer can be
considered, as a first approximation, equal to that of the monomer (a = 10.2 A) while the minor
semiaxis is increased roughly to 9.5 A. This leads to an almost spheric dimer with an
extrapolated computed P value of 57.5 A. In model 2, both a and b semiaxes of the pseudo-
ellipsoid dimeric structure are different respectively to those of the monomer. The major axis is
set equal to 14.2 A while the minor one to 7.8 A, giving an extrapolated P value of the dimer of
70.0 A.

The percentage of dimeric aggregates in CDCl; and DMF-d; solution was thus calculated for
both models. For model 1 a monomer-dimer equilibrium was imposed and the percentage of the
dimer was calculated from the experimental P values (Table 3) by:

P=(1-xp)Py+xpPp

where xp 1s the molar fraction of the dimer and Py; and Pp are the calculated P values for the

monomer and the dimer, respectively. From xp values, the aggregation numbers (N is the ratio of

the experimental and the calculated volume of the monomer) was obtained as
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N=1-xp+2xp

For model 2 the dimeric aggregate has the same pseudo ellipticity of the monomer, therefore it
is possible to calculate directly the aggregation numbers N from the ratio between the
experimental P values and the extrapolated P value of the monomer.

From Table 3 it appears that 2 shows a higher tendency than S to self-aggregation in CDCl;
even at low concentration, as expected for the presence of the more acidic ~-COOH group which
facilitates aggregation in comparison to the -COOCHj3 group. For example, for 2 in the case of
model 2, a N value higher than 2 (2.13) was reached already at 0.7 mM concentration in CDCl;
solution, while the aggregation of 5 increased less sharply with the concentration reaching a N
value of only 1.66 at a much higher concentration such as 1.48 mM. The same trend but with a
less relevant aggregation is observed in DMF-d; solution. It follows that, regardless of the
model, 2 appears to aggregate more easily, since N values larger than for 5 are calculated at
similar concentrations in both CDCl; and DMF-d; solution (Table 3), thus confirming the
suggestion reached from the EFISH investigation.

Equilibrium constants and standard free energies associated to the dimeric aggregation process
were calculated by interpolating the hydrodynamic data by suitable fitting functions. In model 1,
the simple monomer-dimer equilibrium equation was applied and the dimerization constant value
(Kp) was derived from xp and C values. For 2 the calculated value of Kp was 2.5x10* M in
DMF-d; (AG® = —24.7 kJ/mol) and 8.7x10° M ' in CDCl; (AG® = —22.2 kJ/mol). In model 2, N
versus C values were calculated by using equations derived from indefinite aggregation
models.® Accurate values of Kp and AG® were obtained only for 2 in DMF-d; (2x10* M™") and
for 5 in CDCl; (9x10° M) since more experimental points were available for the fitting. As

expected for a lower tendency to aggregate, the calculated values of Kp of 5 according to model
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1 were always lower in both solvents than those calculated for 2, while not significant
differences of calculated Ky, values in both solvents are observed for the two models (Table 3).

However, taking into account these rather similar experimental evidences but also the
significant theoretically calculated dimerization energies of the Jy, aggregate (Table 2), it can be
thought that the self-aggregation process of 2 and also of 5 is more likely described in CHCl3 and
DMF solution by model 2, in which the dimerization leads to the formation of J, dimers (Figure
1). The formation of H-type dimeric aggregates corresponding to model 1 can be in any case
discounted, despite the above evidence that in model 1 Kp values are higher for both 2 and 5,
because EFISH experiments clearly show a significant second order response of their CHCI; and
DMF solutions (Table 1), which could not be achieved by the symmetrical and therefore rather
silent Hy,, aggregates, considered in model 1. Finally the analysis of the trends of aggregation of
2 and 5, the N versus C values obtained from the experimental data in DMF-d; and CDCl;
solution by means of model 2 were plotted (Figure 2).

Figure 2. N versus C trends for chromophores 2 and 5 in CDCl; and DMF-d7 solution according

to model 2
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From Figure 2 it can be noted that for both 2 and 5, regardless of the solvent, the Jp, self-
aggregation process already starts at rather low concentration (<10™ M). In the presence of a
free—COOH group as for the Jy,-type dimeric aggregate of 2 (Figure 1) and in a less polar solvent
like CDCI; at relatively high concentration, an additional dimerization motif to form a
symmetrical 1:1 hydrogen bonded higher aggregate, may occur. In accordance such a -COOH
driven additional dimerization process, not considered in our simple model, leads at higher
concentration to an increase of aggregation up to species with N higher than 2 (Table 3 and
Figure 2). This process is less relevant in DMF-d; solution, where after a significant initial
aggregation at very low concentration to form the Jy, dimer, the increase of the value of N with
concentration is not so relevant (Figure 2), an evidence that the additional —-COOH driven higher
aggregation of the Ju, dimer is quite limited. Such limitation is probably due to the parallel
hydrogen bonded interaction of the —-COOH group with the excess of DMF, which may reduce
the formation of [(X'X)(Jun) (X' X)(Jun)] (HB) aggregates.

In the case of chromophore 5, the dimerization process to form a Ju, aggregate occurs initially
at very low concentration, but it is less relevant if compared to 2. Moreover, the value of N does
not increase so much by increasing concentration in CDClj solution, while it remains constant in
DMF-d; solution (Figure 2), due to the lack of the -COOH group which makes the Ju, dimers
more stable and which can produce, as above discussed, higher aggregates.

In conclusion PGSE 'H-NMR experiments confirm an initial significant intermolecular self-
aggregation process for both 2 and § and in both CDCl; and DMF-d; solution, to produce NLO
Jun active dimers, with a stability which follows the order 2 >> §, in agreement with the EFISH

measurements and with the well estabilished key role of the -COOH group in the self-
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aggregation process. Moreover, PGSE experiments highlighted an additional dimerization
process to form higher aggregates, which becomes relevant by increasing concentration.

Therefore the significant increase by dilution of the uPj90; EFISH absolute values of 1-3
mainly in DMF (Table 1) is an evidence of the progressive dissociation of these NLO silent
[(X X)) (X X)Jwn)] (HB) aggregates to form NLO active Ju, aggregates, stabilized by
hydrogen bond interaction of the free —-COOH group with DMF. Such dilution effect is less
relevant in CHClIj solution due to the higher stability in this latter solvent of -COOH driven 1:1
symmetrical hydrogen bonded structures in comparison to DMF, which activates an acid-base
competitive interaction with the -COOH group of the chromophore.

Conclusion

Through EFISH measurements, electronic and infrared spectroscopy, DFT and CP-DFT
calculations and self-diffusion '"H-NMR experiments, a strong evidence of significant
aggregation processes, controlling the second order NLO response both in CHCl; and DMF
solution of 5,15 push-pull diaryl Zn" porphyrinic chromophores, bearing a —COOH group or a —
COOCHj; acceptor group and a —N(CH3), or a —OCHj3 donor group has been produced.

It appears that J;, aggregation, strongly stabilized by the -COOH group and much less by the —
COOCH; group, is the most relevant, but another dimerization process still involving the —
COOH group occurs as well, with the formation of less stable 1:1 symmetrical hydrogen bonded
dimers. Moreover, in DMF the -COOH group of monomeric or Jp, dimeric chromophores can be
hydrogen bonded with a solvent molecule, with an additional stabilization of the self-
dimerization process, particularly in the case of J;, aggregates.

All these -COOH driven interactions are controlled by the dipolar and basic/acid nature of the

solvent and by concentration.
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A significant solvent effect was already reported by some of us® for structurally similar Zn"
porphyrinates such as 6, carrying a —NO, acceptor group, for which only a J, aggregation
involving acid-base interactions between the basic —-N(CH3), group of one chromophore and the
Zn" acidic centre of another adjacent one was evidenced.

On the contrary the porphyrinic chromophores investigated in this work are affected by a
complex variety of aggregation processes, in which the -COOH group appears to play a key role,
since its replacement with a -COOCHj; group produces lower effects in both CHCl; and DMF
solution.

As reported in the literature for example for merocyanine dyes, aggregation by dipole-dipole
interaction of second order dipolar dyes can be detrimental, leading to the formation of
centrosymmetric species with low pf values.’’ On the other hand, for other chromophores such
as twisted m-electron system chromophores (tictoids), aggregation led to exceptional molecular
hyperpolarizabilities.®*

The present work evidences that another useful strategy to suppress unfavorable aggregation
processes in dipolar second order NLO chromophores could be the exploitation of —-COOH-
driven effects.

Regarding the rather unexpected negative sign of the second order NLO response, DFT
calculations suggest that it could be related to specific and strong interactions with the solvent,
particularly in DMF solution, due to the presence of the -COOH and -COOCHj3 groups.

It also appears that such significant effects are closely related to the pseudo-linear structure of
the porphyrinic chromophores, since when the push-pull system is involved in a sterically

hindered B-pyrrolic architecture, no effect of the presence of the -COOH group is highlighted.
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In conclusion this work has pointed out the great potential of the EFISH technique in
disclosing interesting solvent effects (originated for instance by acid-base'® or dipolar®
interactions between adjacent chromophores or by solvolysis of coordination compounds
induced by the solvent®), which can be triggered by a specific molecular substitution and which

can strongly affect NLO measurements.

Supporting Information. SI contains the full synthetic details of chromophores 2bis and 5; the
electronic absorption spectra of 1-7 in CHCI; and DMF, the absorbance vs concentration spectra
for 2 in CHCl; and DMF and additional 'H PGSE NMR data.

The following files are available free of charge.
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